The technique of 32P postlabeling of DNA-carcinogen adducts is a useful and extremely sensitive method of detecting and quantitating DNA damage by carcinogens. We have adapted the 32P method to analysis by high-pressure liquid chromatography, making the procedure more rapid and convenient than when thin-layer chromatography is used. Following DNA isolation and hydrolysis, nucleotide-carcinogen adducts are enhanced relative to normal nucleotides by solvent extraction and then labeled with high-specific-activity [T-~~P]ATP. The resulting 32P-postlabeled nucleotides are resolved by reverse-phase ion-pair HPLC. After as little as 3 h of exposure to carcinogens, DNA adducts can be demonstrated from 1 pg or less of mouse hepatic DNA. Acetylated and nonacetylated adducts can be resolved from hepatic DNA of mice treated with 2-aminofluorene. Differences in DNA damage as measured by adduct formation were demonstrated between "rapid" and "slow" acetylator mouse strains. Rapid-acetylator C57BL/6J mice had three times the amount of hepatic DNA adducts as slow-acetylator A/J mice 3 h after a 60 mg/kg dose of 2-aminofluorene. 4-Aminobiphenyl and 2-naphthylamine each showed an adduct peak with retention time similar to that of the nonacetylated 2-aminofluorene adduct, while benzidine gave a major adduct that eluted somewhat earlier as would be expected for an acetylated adduct. The alkenylbenzenes, safrole and methyleugenol, also formed DNA adducts detectable by this method. DNA prepared from skin of mice painted with benzo[a]pyrene also contained carcinogen-DNA adducts detectable and resolvable by HPLC analysis following 32P postlabeling. The combination of HPLC with "P postlabeling appears to be a useful technique for the rapid detection and quantitation of DNA damage caused by several classes of aromatic carcinogens. 0 1988 Academic F'ress, Inc.
The formation of a covalent adduct between a carcinogen/mutagen and a DNA nucleotide is generally considered a crucial step in a common mechanism of carcinogenesis/ mutagenesis. Detection and quantitation of such a complex require extremely sensitive methods as the level of adducted nucleotides may be only 1 nucleotides. The introduction of "P postlabeling of adducted nucleotides by Randerath et al. (1) and Gupta et al. (2) is proving to be a useful addition to the methods of detecting adducts. The advantages of 32P postlabeling compared with other sensitive methods include the wide applicability of the method to adducts formed from many aromatic and nonaromatic carcinogens (3), the elimination of radiolabeled carcinogens which may be expensive, in need of custom synthesis, or of unacceptably low specific activity, and the absence of the need to produce antibodies as required in immunological methods.
The clear advantage of 32P postlabeling as a screening method for carcinogens is some-what mitigated by the need to separate the adducts by multiple-solvent thin-layer chromatography (TLC) and detect the results by autoradiography. Quantitation is then carried out by cutting out the radioactive areas or scraping the plates and scintillation counting. These procedures are time consuming and must be done with great care and precision to achieve reproducible results.
We have adapted the detection and quantitation aspects of 32P postlabeling to HPLC. Postlabeled nucleotide adducts are separated from normal nucleotides, ATP, Pi, and other components by reverse-phase ion-pair HPLC using a gradient of acetonitrile in phosphate buffer containing ion-pairing reagent. This method has been extremely reproducible, detects a variety of carcinogen-DNA adducts, and requires about 60 min from 32P labeling to results. In experiments with radiolabeled carcinogen, it was found that the HPLC method is useful with nucleotide 3'-phosphates as well as with the nucleotide 3',5'-diphosphates. The method we describe is useful not only in determining if the aromatic carcinogens have formed covalent DNA adducts, but also in partially resolving various adducts from one another and quantitating total adduct formation. We include data on the use of HPLC analysis of 32P-postlabeled DNA-2-aminofluorene adducts from two inbred mouse strains which demonstrate differences in their ability to N-acetylate aromatic amines.
MATERIALS AND METHODS

Animals and chemicals. Mice (C57BL/6J
and A/J) were purchased from Jackson Laboratories, Bar Harbor, Maine. Isolation of DNA. Hepatic DNA was prepared by homogenization of fresh or frozen liver in 50 mM Tris, 25 mM KCl, 5 mM MgC12, 250 mM sucrose, pH 7.5. The homogenate was added to an equal volume of 1 M NaCl, 0.1 M EDTA, 2% SDS, pH 8, at 60°C and maintained at this temperature for 15 min. The lysate was cooled to 37°C and incubated with 0.5 mg/ml proteinase K for 60 min. The DNA was extracted sequentially with 1 vol phenol, 1 vol phenol/chloroform/ isoamyl alcohol (25:24:1), and 1 vol chloroform/isoamyl alcohol (24: 1). After ethanol precipitation, the DNA was redissolved in 10 ITIM Tris, 1 mM EDTA (pH 7.5). DNA was further treated with RNase A ( 100 pg/ml) and RNase T 1 (50 U/ml) at 37°C for 30 min, followed by addition of SDS to 0.5% and 0.5 mg/ml proteinase K and incubation for a fur-2-acetylaminofluorene; dG, deoxyguanosine; dG-C8-AAF, N-acetyl-N-(deoxyguanosin-8-yl)-2-aminofluorene or its 3',5'-diphosphate; dG-C8-ABP, N-(deoxyguanosin-8-yl)-4-aminobiphenyl; dG-C8-AF, N-(deoxyguanosin-8-yl)-2-aminofluorene or its 3'Jdiphosphate; N-acetoxy-AAF and N-[3H]acetoxy-AAF, N-acetoxy-2-acetylaminofluorene and ring-labeled N-['Hlacetoxy-2-acetylaminofluorene; pdGp, deoxyguanosine 3',5'-diphosphate; TBAP, tetrabutylammonium phosphate. To study the effect of differing N-acetyltransferase activity on adduct formation, inbred C57BL/6J (B6) and A/J (A) mice were injected ip with 2-AF in DMSO (60 mg/kg). At 3 h, the mice were sacrificed and hepatic DNA was prepared as described. In each experiment a littermate was dosed with DMSO only and used as a control for adduct determination. ther 30 min. This was followed by two extractions with chloroform/isoamyl alcohol (24: 1). After precipitation with ethanol, the DNA was dissolved in succinate buffer (20 mM Na succinate, 10 IIIM CaC&, pH 6). Quantitation of DNA was by absorbance at 260 nm.
Hydrolysis of DNA. Hydrolysis was a modification of the method of Gupta et al. (2) . In most experiments 2-5 pg DNA was digested in succinate buffer (pH 6) containing 10 mM CaC12 with 0.05 U spleen phosphodiesterase II and 2.25 U micrococcal nuclease in 20 ~1 total volume for 3 h at 37°C.
In vitro modification of DNA and preparation of adduct standards. Hepatic DNA was treated with N-acetoxy-AAF (2 mM) in 10 mM Na citrate, pH 7, 30% ethanol as described by Gupta et al. (2) . Repeated extraction with diethyl ether was used to remove unbound carcinogen. The modified DNA was precipitated with ethanol.
Enrichment of adducts. A modification of the butanol extraction procedure of Gupta (4) was used. To 20 ~1 DNA hydrolysis reaction were added 25 ~1 100 mM ammonium formate pH 3, 15 ~1 50 mrvt tetrabutylammonium chloride, and 10 ~1 water. This was extracted twice with 70 ~1 I-butanol (water saturated) and the combined extracts were back-extracted with 125 ~1 water (butanol saturated). After addition of 3 ~1 of 200 mM Tris, pH 9.5, to the final butanol extract, the extract was dried using a Speed-Vat. A similar procedure was used with 50 ~1 of N-[3H]acetoxy-AAF (938 mCi/mmol, I .45 mCi/ml) and 142 pg DNA.
The acetylaminofluorene adduct of deoxyguanosine 3',5'-diphosphate was prepared as above using 15 mM pdGp and 10 mM N-acetoxy-AAF in 200 ~1 of 5 mM Na acetate, pH 4.8, 50% ethanol as described by Gupta et al. (2) .
The acetylated aminofluorene adduct of deoxyguanosine 3'-phosphate was similarly prepared.
32P labeling of nucleotides. The dried preparation of butanol-extracted nucleotides was redissolved in 15 ~1 water and labeled with 5 ~1 of a labeling mix. The mix was prepared so that each 5 ~1 contained 2. matograph equipped with a UV-100 detector C57BL/6J inbred mice injected ip with car-was used. The column was an Ultrasphere cinogens in the doses and solvents shown in ion pair Cl8 4.6 X 250 mm with a 70-mm Table 1 . The volume injected was IOO-150 guard column of octadecylsilane. UV detec-~1. The exposure time was 3 h. For each sub-tion was at 254 nm. For radioactivity determinations, fractions (1.5 ml) were collected duct levels (Fig. 1) . The adduct peak (dG-C8-in plastic minivials using a Helirac fraction AAF) elutes at 36 min with gradient I or II collector. For tritium-labeled samples, radio-( Fig. 1) . Use of gradient I results in a lower activity was determined using 0.5-ml aliquots level of background radioactivity in the vicinof column fractions in 5 ml of Safety-Solve ity of the adduct (higher signal-to-noise ratio) (Research Products International, Elk Grove when using 32P-labeled samples. Village, IL). Radioactivity of 32P-labeled sam-
The choice of ion-pairing agent is crucial to ples was determined by Cerenkov counting.
the separation. When tetramethylammoAn LKB 1218 Rackbeta scintillation spec-nium salt was substituted for tetrabutylamtrometer was used.
monium, the dG-C8-AAF standard eluted at Radiolabeled samples or standards were 2 1 min rather than 36 min (Fig. 2) . This earcombined with unlabeled adduct standard lier elution was unacceptable as nonadduct and injected into the HPLC via a Rheodyne 32P from the labeling mixture was not ade-7 125 injector using a 50-or loo-p1 loop. La-quately eluted from the column before the beled nucleotides from between 1 and 3 pg of adduct eluted. DNA ( 10 ~1 of a 24-~1 labeling reaction) were injected in a total volume of 50 ~1. Gradient HPLC Separation of 3H-Labeled 2-naphthylamine, benzidine, safrole, and methyleugenol were subjected to the HPLC/32P-postlabeling procedure. For each substance, control DNA from a mouse dosed with solvent only was analyzed and radioactivity in the control was subtracted from the 32P found in the treated DNA. In all cases, peaks of 32P radioactivity were found in the region of the chromatogram near where 2-AF adducts eluted. 
DISCUSSION
The method of 32P-postlabeling DNA-carcinogen adducts developed by Randerath and Gupta et al. (1,2) is sensitive, fairly rapid, and applicable to adducts of a wide range of aromatic or bulky carcinogens. We have replaced the thin-layer chromatographic separation of 32P-labeled adducted nucleotides with high-performance liquid chromatography. Our procedure, like the TLC method of Reddy et al. (3) , can be applied to a range of aromatic compounds, some of which are described in this report. Likewise, a complex mixture of potential carcinogens can be analyzed for adduct formation without a detailed knowledge of the chemical identity of the compounds (e.g., coal liquification products, data not shown).
Since the Randerath procedure uses ionexchange thin-layer materials, we originally thought that ion-exchange HPLC would be useful in separating normal and adducted nucleotides. Although normal nucleotides were adequately resolved by ion-exchange HPLC, modified nucleotides were not clearly distinguishable. The affinity of aromatic DNA adducts for reverse-phase chromatography materials (5) suggested that reverse-phase HPLC might give the desired resolution. Reddy et al. (3) had used reverse-phase TLC as a purification step in TLC analysis of 32P-postlabeled aromatic adducts. To cleanly separate normal from aromatic nucleotides, we modified the reverse-phase ion-pairing HPLC method of Payne and Ames (6) for separation of nucleotides. The gradient elution described in our report elutes normal nucleotides and material from the ATP labeling in a single early peak, washes background 32P from the column, and resolves 2-AF adducts into two separate peaks which presumably correspond to dG-C8-AAF and dG-C8-AF (Fig. 4) .
We have been able to identify the peak with a retention time of 36-37 min as N-acetyl-N-(deoxyguanosin-8-yl)-2-aminofluorene-3',5'-diphosphate by use of standards prepared by reacting N-acetoxy -2 -acetylaminofluorene with pdGp, or with deoxyguanosine 3'-phosphate followed by phosphorylation at the 5' position. Standard dG-CS-AAF was also prepared by hydrolysis and phosphorylation of DNA that had been reacted with N-acetoxy-2-AAF. In vitro incubation of N-[3H]acetoxy-AAF with isolated DNA gave only a single radioactive peak, coeluting with uv standard of the nucleotide 3',5'-diphosphate of dG-C8-AAF (Fig. 3) .
The peak eluting at 40-43 min contained about 80% of the total adduct radioactivity. We tentatively identify this later peak as the nonacetylated nucleotide adduct dG-C8-AF. The basis for this assumption is that previous studies have shown the major hepatic DNA adduct formed after 2-AF exposure to be dG-C8-AF (2,7). The later eluting peak is found after in vivo exposure to 2-AF but not after in vitro incubation with N-acetoxy-2-AAF. This is to be expected from the known pathways of metabolic activation of 2-AF which include formation of N-acetoxy-2-aminofluorene by either direct O-acetylation or N, 0-acetyl transfer followed by removal of the acetoxy group to give an electrophilic arylnitrenium ion capable of combining covalently with DNA to give the dG-C8-AF adduct (8) dG-C8-AF adduct only following in vivo ex-tion time of the second 2-AF nucleotide 3',5'-periments and under conditions known to diphosphate adduct peak (3-5 min) comproduce mainly dG-CS-AF, we provisionally pared to the acetylated nucleotide adduct is identify the adduct peak at 40-43 min as dG-the same increase seen between standards of Cg-AF. Furthermore, the increase in reten-nucleosides of dG-C8-AAF and dG-C8-AF when run on gradient I (data not shown). Definitive identification of the second adduct peak awaits synthesis of the proper standard.
The reverse-phase ion-pair HPLC separation appears to depend on the affinity of the aromatic moiety of the adduct for the C 18 reverse-phase column material. Thus, the adducts are bound to the column matrix while normal nucleotides and other charged molecules are removed. In the presence of the ionpairing agent (added after 10 min in gradient I) the aromatic adduct-nucleotide-tributylammonium complex is eluted by increasing concentrations of acetonitrile. Since several diverse adducts elute at a fairly similar acetonitrile concentration, the structure of the carcinogen is not the only determinant of elution position. The evidence suggests that the number of phosphates and thereby the number of tetrabutylammonium groups play a significant part in determining the elution position of adducts (e.g., the earlier elution of 3'-monophosphate compared to 3',5'-diphosphate of dG-C8-AAF). The importance of the chain length of the ion-pairing agent is demonstrated by the dramatic decrease in retention of dG-C8-AAF-3'S'-diphosphate when tetramethylammonium is substituted for tetrabutylammonium (Fig. 2) . The finding of a second, later eluting peak of 32P-labeled adduct (presumably C8-dG-AF) when DNA is modified in vivo by 2-AF but not when N-acetoxy-AAF is reacted with DNA in vitro (compare Fig. 4 with Fig. 3) suggests that an acetyl group can influence the retention of adducts on the column.
Two additional comments on the 32P-pastlabeling method are worthy of mention. A sample of control DNA from an animal of identical genetic and environmental background should be run parallel to that for the carcinogen-treated animal. This is because 32P spots (I-sp ots have been found in un-) treated DNA from various tissues (9) . The origin of these spots has been ascribed to environmental factors such as diet or to endogenous DNA-reactive metabolites. The amount and intensity of I-spots appears to increase with the age of the animal. Control hepatic DNA run in the HPLC/32P-postlabeling method shows 32P in the area of the chromatogram where adducted nucleotides elute. Although such radioactivity is significantly less than that found in the carcinogen-treated DNA, it can be confusing when working with low adduct levels or unknown compounds. Any attempts to quantitate adducts must take the radioactive background into account.
The second comment deals with the use of butanol extraction to enrich modified nucleotides relative to normal nucleotides. Since the great majority of nucleotides in treated DNA are not modified and adducted nucleotides account for only a small fraction of a percent of the total nucleotides available for labeling, either very large amounts of 32P must be used in labeling or some method is needed to reduce the amount of normal nucleotides available for labeling. Our procedure uses extraction of modified nucleotides into butanol at low pH and in the presence of a tetrabutylammonium phase transfer reagent as described by Gupta (4) . A different method involving nuclease PI digestion of normal nucleotides has been described by Reddy and Randerath (10) . In theory this method hydrolyzes the 3'-phosphate from nucleotides, converting them to nucleosides which are no longer substrates for polynucleotide kinase. The adducted nucleotides are supposed to be resistant to this hydrolysis and can then be phosphorylated to the 32P-labeled 3',5'-diphosphates. Since we were not successful in using this procedure with 2-AF adducts, we did not pursue its applicability to other carcinogen adducts.
Another approach to solving the problem of minute amounts of DNA-carcinogen adducts in the presence of larger amounts of normal nucleotides is used by Randerath et al. ( 11) . According to this method, with limiting amounts of [T-~~P]ATP, adducted nucleotides are labeled preferentially to normal nucleotides, achieving "adduct intensification." The intensification is variable and LEVY AND WEBER must be determined for each adduct by using the postlabeling under "normal" conditions, i.e., excess [T-~~P]ATP, and again under "intensification" conditions, i.e., [T-~~P]ATP being the limiting reagent. HPLC analysis of 32P-postlabeled hepatic DNA from mice treated with 2-AF revealed two areas of radioactivity (Fig. 4) . The area eluting in fractions 36, 37 and corresponding to dG-CSAAF accounted for 18% of the adduct radioactivity. The second area in fractions 40-42 represented the remaining 82% of adduct radioactivity. This distribution is very similar to the distribution reported for adducts in rat liver DNA of 15% dG-C8-AAF and 80% dG-C8-AF (8) .
Experiments comparing adduct formation in rapid and slow acetylator mice showed a threefold higher adduct load in hepatic DNA of rapid acetylators 3 h after exposure to 2-AF. The direction and magnitude of the difference between B6 and A mice are very similar to those found for in vitro liver arylamine N-acetyltransferase activity ( 12), 2-AF N-acetylation rates in primary hepatocyte cultures ( 13) , and 2-AF elimination rates for intact mice (14) . There is, therefore, a strong suggestion that rapid acetylator mice metabolize 2-AF more rapidly than slow acetylators and that among the metabolites formed are compounds that bind to hepatic DNA.
The accuracy of quantitation of adducts by 32P postlabeling p de ends on the efficiencies of several steps in the protocol. Incomplete hydrolysis of purified DNA, incomplete extraction of adducts into butanol, and less than 100% reaction in the polynucleotide kinase step can result in a value for adduct formation lower than the actual value. We have examined this problem using 3H-labeled aminofluorene and benzo[a]pyrene adducts. For both compounds we compared the level of adducts determined by the 32P-postlabeling method with the level determined using 3H-labeled carcinogen and hydrolyzing, extracting, and phosphorylating as for unlabeled carcinogen except using nonradioactive ATP. The results indicated that the 32P value was 50 to 60% of the adducts determined by the tritium content of adducted DNA. Furthermore, we found that most of the losses occur in the butanol extraction step. Although Gupta (4) reports 79 to 99% efficiency for butanol extraction of aminofluorene adducts formed by reaction of ultimate carcinogens with DNA in vitro, we have not been able to duplicate such high values. The loss of adducts in the three steps mentioned above would be expected to occur whether the analysis was carried out by HPLC or TLC. In TLC analysis additional losses may occur in cutting or scraping the TLC plates to recover adduct spots for counting.
The adduct amounts we report have not been corrected for efficiency of extraction. In a comparison of adduct formation between strains or between tissues using the same carcinogen, the efficiency of extraction is assumed to be almost constant. Thus, B6 mice accumulate three times the hepatic DNA adducts of A mice whether one corrects for efficiency or not. Additional methods to improve the enrichment of adducts before postlabeling are under study.
Although no general relationship between adduct structure and HPLC retention time is known at this time (other than the special situation of the effect of an acetyl group on a particular adduct described above), a comparison of the adduct peaks found by HPLC to adducts found by other methods is interesting and informative.
Previously Lu et al. ( 15) used 32P postlabeling and TLC to examine adduct formation in mouse liver DNA after exposure to benzo[a]-pyrene and 4-aminobiphenyl.
Two major benzo[a]pyrene adducts were detected, accounting for approximately 55 and 25% of adduct radioactivity. The radioactivity in the two benzo[a]pyrene adduct peaks detected by HPLC represents 67 and 33% of adduct radioactivity (Fig. 5A) .
For 4-aminobiphenyl, Lu et al. ( 15) found one major radioactive spot formed from mouse liver. Our results show a single peak preceded by a low plateau of radioactivity (Fig. 5B) . The nonacetylated dG-C&ABP adduct has been reported to account for at least 80% of ABP adducts in rat liver ( 16) .
Our results for 2naphthylamine show a single adduct peak eluting at 42-43 min (Fig.  5C ). This position corresponds to the major adducts seen with 2-AF and 4-ABP. 2-NA has been reported to produce a dG-C8-2-NA adduct with dog liver DNA and dog urothelial DNA, as well as an N-ZdG and an N-6-deoxyadenosicyl adduct (17) . Information on mouse hepatic DNA or adducts detected by 32P postlabeling is lacking for 2-NA.
Benzidine has been reported to produce only a single adduct with mouse hepatic DNA, N-(deoxyguanosin-8yl)-N-acetylbenzidine, one day after 7 days of oral administration ( 18). Reddy et al. (3) reported one major and two minor adducts from mouse skin DNA with benzidine. Our results show a major adduct and two or three minor peaks of radioactivity with mouse hepatic DNA (Fig.  5D) . The discrepancy between our results and those of Martin et al. (18) may be due to the increased sensitivity of 32P methods such as ours and that of Reddy et al. (3) compared to the use of 'H labeled carcinogen by Martin et al. (18) . Another possibility is suggested by the work of Kennelly et al. (19) who found at least one additional benzidine adduct in rat hepatic DNA treated in vitro. It was suggested that the additional adduct was not found in earlier experiments done in vivo because of the action of repair systems. Similarly one could speculate that in the 3-h exposure used here, repair mechanisms were not fully functional and additional adducts were found. Studies of adduct persistence would address this question.
The alkenylbenzenes safrole and methyleugenol have been examined using 32P postlabeling by Lu et al. (15) and Randerath et al. (20) . Lu found two major hepatic DNA adducts with safrole which were identified as dG adducts. The two adducts accounted for 75 and 23% of adduct radioactivity. Our results with safrole (Fig. 5E) show a single peak of radioactivity preceded by a low plateau of radioactivity. With methyleugenol, Randerath obtained an adduct map similar to that of safrole, with 87% of the radioactivity in a single spot. Our results with methyleugenol (Fig.  5F) show a major adduct with one or two smaller earlier eluting peaks of radioactivity.
The results of analysis of 32P-postlabeled DNA-aromatic carcinogen adducts obtained by us using HPLC and TLC results in the literature, as discussed above, are, in general, similar. In some cases differences between the results reported here and results from other laboratories can probably be traced to differences in dosage, method of administration, species or strain of animal, and length of exposure to the carcinogen. Some of the differences in detail are also likely due to differences in the type of separation used: ion exchange for TLC and reverse phase for HPLC. Also, the HPLC method is separating larger molecules than the TLC method in that for HPLC the covalent dG-carcinogen adduct also contains tetrabutylammonium ions bound to phosphates.
While the TLC method often produces more areas of radioactivity on the chromatogram which may indicate resolution of minor adducts, the HPLC method is more rapid and less tedious to perform. As a rapid screening method to detect adduct formation, the HPLC procedure has been shown to be effective in detecting adducts formed by a variety of aromatic carcinogens. We have also shown the value of HPLC analysis in determining formation of specific adducts and the usefulness of the method in measuring differences in DNA damage caused by genetically determined variations in metabolic pathways.
